Introduction
In food processing industries, more than 30,000 t/year of syrup for canned fruits is expelled as industrial waste in Japan 1 . The waste syrup contains saccharides at more than 15 w/v , which makes it difficult to dispose and therefore has to be incinerated, which raises production cost and causes environmental pollution. Although the waste syrup has been attempted to use for livestock feeds 2 , complete recycling is hard to achieve due to oversupply. On the other hand, utilizing the waste syrup as a carbon source for lactate fermentation 3, 4 , ethanol fermentation 5 , and anaerobic methane fermentation 6 have been reported, emphasizing the effectiveness of bioconversion system. Thus, we aimed to evaluate the usage of a marine protist, thraustochytrids, as a new biocatalyst for recycling the wasted syrup. Thraustochytrids, typically as the genera Thraustochytrium, Schizochytrium, and Aurantiochytrium, are stramenopiles in heterokonta belonging to the kingdom Chromista 7, 8 . This group of marine microbes is a promising industrial source of polyunsaturated fatty acids PUFA such as docosahexaenoic acid DHA; 22:6n-3 and docosapentaenoic acid DPA; 22:5n-6 9, 10 , ketocarotenoids including astaxanthin and cantaxanthin 11, 12 , and terpenic hydrocarbons like sterols and squalene 13 15 . Dietary DHA is indispensable for development of brain 16 and has efficacy against cancer and allergic diseases in human 17, 18 . Astaxanthin is a strong antioxidant with antitumor activity 19 .
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Key words: waste syrup, docosahexaenoic acid, astaxanthin, thraustochytrid, Aurantiochytrium tion system of thraustochytrids would contribute to promote various food and culturing industries. In this study, the utilization of waste syrup as a medium component was evaluated for production of highly valuable lipids, along with astaxanthin, by a thraustochytrid strain. 
Fatty acid analysis
Cells were harvested from culture broth by centrifugation 10,000 g, 20 min, 4 and dried at 60 for measurement of dry cell weight. Lipids were extracted with chloroform/methanol 2:1, v/v . After the addition of arachidic acid as internal standard, lipids were methylesterified with 10 methanolic hydrochloride Tokyo Chemical Industry, Tokyo, Japan at 60 for 2 hr. Fatty acid methyl esters were extracted with hexane and analyzed on gas chromatography sys tem GC-17A; Shimadzu, Kyoto, Japan equipped with a split injector, a capillary column TC-70, 0.25 mm 30 m; GL Science, Tokyo, Japan , and a flame ionization detector by isocratic condition at 190 .
Carotenoid analysis
Carotenoids were extracted by suspending wet cells with acetone/methanol 7:3, v/v and analyzed by thin layer chromatography using silica gel plate Kieselgel 60; Merck Chemicals, Darmstadt, Germany with acetone/hexane 3:7, v/v as a developing solvent. Identification and quantification of carotenoid species was performed by densitography Atto, Tokyo, Japan with authentic standards.
Saccharide analysis
Concentration of saccharides glucose, sucrose, and fructose in culture supernatant and syrup was measured using F-kit Roche, Basel, Switzerland according to the manufacturer s instruction.
Charcoal treatment of syrup
Activated charcoal 1 g was added to waste syrup 10 mL and stirred at 28 for 24 hr, followed by filtration through a paper filter pore size 0.22 μm . Saccharide concentration and pH of the filtrate is shown in Table 1 .
Organic acid analysis
Sample solution was filtered through a cellulose filter pore size 0.45 μm . Propionic acid was added as internal standard. The sample was then analyzed by high performance liquid chromatography system Gilson, Middleton, WI, USA equipped with a TSKgel ODS120T hydrophobic column Tosoh, Tokyo, Japan and a UV monitor with 5 mM ammonium phosphate buffer, pH 2.0, as a solvent at a flow rate of 1 mL/min at 28 . UV absorbance at 210 nm was monitored to quantify organic acids.
Optimization of medium composition by response
surface method A 16-run central composite design experiment was employed to optimize the concentration of syrup and nitrogen sources as well as pH of culture medium. The design matrix and real values are shown in 
Results

Effect of culture medium composition
The feasibility to utilize waste syrup for production of DHA and astaxanthin by Aurantiochytrium sp. KH105 was evaluated with syrup-based media. As a result, dry cell weight and DHA yield depended on the syrup concentration 3-50 in the media. While DHA yield was 207.6 mg/L when syrup was 50 Fig. 1 , the maximum yield of astaxanthin was only 1.1 mg/L at 25 syrup, which was still lower compared to astaxanthin production in glucosebased medium 3 mg/L 11 .
The production of DHA and astaxanthin was then examined with 50 syrup-based media containing different concentrations of nitrogen sources yeast extract/polypeptone 1:3, w/w and FeCl 2 , and at various pH. As for DHA, higher concentration of nitrogen sources gave a high yield 251 mg/L; Table 2 while changes of pH and FeCl 2 concentration did not contribute to boost the yield significantly. On the other hand, astaxanthin yield increased to 0.6 mg/L when nitrogen sources were at 0.43 g/L, 0.59 mg/L at pH 6, and 0.82 mg/L at 0.67 mM FeCl2, compared with only 0.43 mg/L astaxanthin produced at 0.86 mg/L nitrogen sources at pH 7.
Optimization of medium composition by response
surface method Based on the above results, the response surface method was applied to optimize the concentrations of syrup, nitrogen sources and pH with a fixed concentration of FeCl 2 0.67 mM . Central composite design for those variables and the responses obtained by each experiment are shown in Table 3 . These data are correlated as second-order polynomial models Eq. 1 by nonlinear regression using JMP software. A multiple linear regression analysis using the response values suggested that β 12 , β 22 , and β 33 for DHA production and β 12 and β 13 for astaxanthin production were not effective when p-level of 0.25 was criterion Table 4 . The significant regression coefficients of the valuables were β 1 , β 13 , and β 23 for DHA production and β 1 , β 3 , and β 22 for astaxanthin production. Therefore, waste syrup concentration positively affects DHA production while negatively on astaxanthin production. The regression equations for DHA and astaxanthin production and their significance are shown in Table 5 , in which the relatively high R 2 and F- values are obtained for these models. Taking these results, the optimal concentration of syrup and nitrogen sources and pH were determined by the solver add-in for Microsoft Excel software as shown in Table 6 . Experimental yields of DHA and astaxanthin under these optimal conditions were 433 mg/L and 1.60 mg/L, respectively, which are 5-8 higher than each predicted yield. 
Effect of activated charcoal treatment of syrup
Organic acids derived from fruits in waste syrup might have negative effect on the production of astaxanthin and, if any, DHA. To examine this possibility, the waste syrup was treated with activated charcoal and then used as a carbon source to cultivate the strain KH105. After charcoal treatment, the concentrations of glucose, fructose, sucrose, and citric acid in the syrup were reduced by 10 , 18 , 90 , and 71 , respectively, and pH increased 1.1 point Table 1 . After the cultivation in the treated syrup, DHA yield decreased by about 40 compared to the case of non-treated syrup line 2 vs line 1, Table 7 while astaxanthin yield increased by 119 line 5 vs line 4 and reached 3.5 mg/L.
To determine whether these changes were due to the altered concentrations of saccharides, media containing pure saccharides at the concentrations respective to those in the treated waste syrup were prepared and tested. However, the astaxanthin yield did not change significantly data not shown . When citric acid was further added to make the concentration equal to the non-treated waste syrup, astaxanthin yield decreased to 2.3 mg/mL line 6 after the cultivation, suggesting the negative effect of citric acid on the astaxanthin production. Table 7 Effect of activated charcoal treatment of syrup and addition of citric acid in culture media on DHA and astaxanthin production. 
Discussion
Trials to recycle glycerol from edible oils 26 , coconut water 27 , cull potato 28 , and shochu distillery wastewater 29 had been reported as precedents of utilization of plant and food biomass for lipid fermentation by thraustochytrid. In this study, waste syrup used for canned fruit was reutilized as a substrate for the fermentation, and cultivation condition for the new recycling system of the syrup was optimized by response surface method.
Since the Aurantiochytrium sp. strain KH105 used in this study does not assimilate di-and polysaccharides well, and also since the waste syrup is not degraded enzymatically or by thermal pretreatments prior to adding to the culture media 11 , the waste syrup in itself should mainly contain monosaccharides to support growth. As expected, the syrup was a good substrate for the organism because glucose and fructose are its principal saccharide components Table 1 . This study demonstrated in practice that the waste syrup can be the sole carbon source for lipid fermentation by the strain. However, one of the problems on the utilization of waste syrup found in this study is the counter effect of syrup addition on the yields of DHA and astaxanthin. As for DHA production, its yield was depended positively on the concentration of syrup, therefore, sugars in culture medium. The fact that the correlation coefficient, R 2 value, in the model equation led by the response surface method was relatively low Table 5 indicated that the factors other than syrup and nitrogen concentrations and pH have to be considered to obtain a better model. The air supply also should not be neglected since thraustochytrids demand the oxygen largely for rapid propagation and lipid production. However, this study could indicate a direction for improvement of DHA production even at the flask level because the yield under the optimized condition 433 mg/L was over the theoretical value 400 mg/L and more than twice of initial experimental value 208 mg/L . In the case of astaxanthin on the other hand, the yield did not linearly correlate with the syrup concentration. The observed positive effect of activated charcoal-treatment on the waste syrup on astaxanthin production was countered upon the addition of citric acid Table 7 , suggesting that the substance in waste syrup interfering the astaxanthin production might be citric acid. This is inconsistent with previous reports that the addition of citric acid promoted astaxanthin production in Phaffia yeast 30 and Flavobacterium 31 , where citric acid may activate the Krebs cycle but suppress the use of acetyl-CoA for the cycle. The mechanisms underlying the negative effect of citric acid on the astaxanthin production in the strain KH105 should be investigated later. As for the saccharides in syrup, the addition of sucrose to the activated charcoal-treated syrup did not significantly affect the astaxanthin production data not shown , supporting the fact that KH105 does not assimilate sucrose well. Taking our data together with previous observations, a cultivation condition with high stress is crucial for the enhanced production of astaxanthin. Thus, to lower the saccharide concentration at the late stage of batch cultivation or to maintain the low level of saccharide during fed-batch cultivation could be an effective strategy for astaxanthin production. Moreover, the treatment by activated charcoal could be carried out at relatively low cost but would cause extra waste. It is desirable to newly breed a strain with resistance against citric acid, which omits the pretreatment of waste syrup. It is also important to consider the life cycle assessment, transport cost, and utilization system of cultivation residues in practice. Once on-site fermentation and posttreatment issues are addressed properly, the need to unload waste syrup into the environment becomes unnecessary, and the industrial production of valuable materials from this waste material becomes possible.
Conclusions
This study demonstrates that the waste syrup containing a high concentration of glucose and fructose used for fruits preservation can be utilized as main carbon sources for production of DHA and astaxanthin by thraustochytrid strain, Aurantiochytrium sp. KH105. The strain could grow in liquid medium containing 3-50 waste syrup, and the maximum yields of DHA and astaxanthin were 207.6 mg/L and 1.1 mg/L, respectively. Optimization of medium composition by response surface method increased DHA and astaxanthin yields by 2.1 and 1.5 fold, respectively. The use of waste syrup treated with activated charcoal, reducing citrate concentration, enhanced the astaxanthin yield by 2.3 fold. This study shows that the waste syrup can be effectively used for the functional lipid production by thraustochytrid.
